Introduction

37
Manufactured nanoparticles (MNPs) are defined as intentionally engineered materials with at least 38 one dimension in the 1-100 nm size range (Lead and Wilkinson 2006 ) cations in the 62 mM range; factors that are known to reduce electrostatic repulsion between particles and thereby 63 enhance aggregation (Saleh et al. 2008) . 64
To optimise the use of MNPs for environmental remediation it is necessary to understand the factors 65 that cause aggregation under environmentally relevant conditions with the aim of enhancing their 66 mobility while still maintaining good reactivity ). Surface modifications using 67 charged polymers, polyelectrolytes or surfactants are now widely used to disperse nanoparticles in 68 environmental matrices such as soil and water (Zhang et al. 1998 . These modifications can theoretically provide both electrostatic and steric (so-called 71 electrosteric) stabilisation to prevent particles from aggregating and can also reduce the propensity 72 for surface attachment (Saleh et al. 2005; Saleh et al. 2008 ). Unfortunately, although these different 73 surface coatings can enhance nanoparticle stability, they can also be expensive, have toxic effects on 74 the environment, and alter the interaction of MNPs with contaminants (Tiraferri et al. 2008 ). Natural 75 surface coating by the adsorption of dissolved organic matter (DOM) such as humic and fulvic acids 76 on the surface of nanoparticles has also been studied as an alternative "green" surface coating, and 77 has been demonstrated to enhance nanoparticle stability through electrosteric stabilisation ( and HA concentration of 5, 10, 20, 50 and 100 mg/L. All solutions were then brought to pH 4 ± 0.1 162 using either 0.1 M HCl or 0.1 M NaOH and stored at 4°C for 24 hours before measurements were 163 taken. 164
NaCl and CaCl2 were also dissolved in ultrapure water to obtain stock solutions with a concentration 165 of 500 mM. The stock solutions were filtered through a 0.45 μm filter using vacuum suction to avoid 166 dust contamination before being used as the mobile phase in FlFFF experiments or to prepare 167 samples for FlFFF and DLS measurements. 168
FlFFF Analysis
169
FlFFF is a chromatography-like separation technique based on laminar flow (so-called channel flow) 170 in a very thin (i.e. ~250 μm) channel with a cross flow applied perpendicular to the channel flow. The 171 channel flow has a parabolic velocity profile (i.e. the maximum velocity is at the centre of the 172 channel). The cross flow forces the particles to move toward a membrane at the channel wall, from 173 where they can move back into the channel as a result of diffusion forces in the normal elution 174 mode (i.e. for particles smaller than 1 µm). The smallest particles, having the highest diffusion 175 coefficient, will migrate farther into the channel at higher flow rates and will thus elute first. The 176 theory and principles of FlFFF can be found elsewhere (Giddings 2000; Phuntsho et al. 2011) . 177
Two different FlFFF systems were used in this study. One was an asymmetrical AF2000 Focus (FlFFFa) 178 (Postnova Analytics, Germany) with channel length of 29.8 cm (tip to tip), channel width of 2 cm and 179 channel thickness of 0.025 cm. The detection system comprised a UV/Vis detector operating at a 254 180 nm wavelength (SPD 20A from Shimadzu, Japan). The software AF2000 Control, version 1.1.0.23 181 (Postnova Analytics) was used to control the FlFFF system. A regenerated cellulose membrane (Z-182 AF4-MEM-612-10KD, Postnova Analytics, Germany) with a molecular weight cut-off of 10 kDa was 183 used as a channel wall. Sodium azide (0.1 mM NH3) was used as bactericide in the mobile phase for 184 all experiments. The sample volumes were all 20.8 µL and were injected using 50 μL sample loop 185 (Rheodyne Corporation, CA, USA); at least three independent replicates were run per sample and 186 the data averaged. In general, good agreement was observed between replicates (i.e. peak heights 187 differing by less than 5 % 
FIFFF Calibration Curves 208
Latex beads of 22 nm, 58 nm, 100 nm and 410 nm were used to create calibration curves from which 209 hydrodynamic diameters of Fe2O3NPs were determined. These curves correlate the retention time to 210 particle size. Calibration curves were established for all mobile phases and conditions (change in 211 cross flow or channel flow) used in this study and regularly (i.e. once a week) re-drawn to check the 212 accuracy of sizing. An example of the calibration curves used for the pH effect study can be found in 213 Figure S1 . 214
pH Effect 215
To investigate the effect of pH on the aggregation of Fe2O3NPs samples of 50 mg/L of NPs were pH-216 adjusted then equilibrated for 24 hours prior to analysis. The mobile phase consisted of ultrapure 217 water prepared at different pH values ranging from pH 3 to pH 10. This is the range of pH tolerance 218 for the FFF membrane; outside this range the membrane may be altered. For pH 2, 11 and 12, only 219 DLS measurements were performed. The FlFFF measurement conditions are summarised in Table 1 . 220
Ionic Strength Effect 221
The effect of Na + and Ca 2+ on Fe2O3NPs aggregation was investigated as follows. NaCl and CaCl2 222 solutions were prepared at 1mM, 5mM and 10 mM, and 0.5 mM and 2 mM, respectively, by diluting 223 the 500 mM stock solutions using ultrapure water and adjusting to pH 4 before being used as the 224 mobile phase. Fe2O3NPs samples of 50 mg/L were suspended in solutions having the same ionic 225 strength as the different mobile phase solutions (i.e. 1 mM, 5 mM and 10 mM NaCl and 0.5 mM and 226 2 mM CaCl2) and equilibrated for 24 hours before measurements. These ions were chosen because 227 they are abundantly present in soil and in groundwater aquifers in this typical concentration range 228 (Saleh et al. 2008 ). The operating conditions are presented in Table 1 . 229
Stability of DOM-coated Fe2O3NPs 230
HA-coated Fe2O3NPs at five different HA concentrations were analysed by FlFFF for size 231 determination using ultrapure water at pH 4 as the mobile phase. The operating conditions are 232 displayed in Table 1.  233 The most stable DOM-coated Fe2O3NPs (i.e. mixture of 50 mg/L HA and 200 mg/L Fe2O3NPs) were 234 then tested under environmentally relevant conditions by modifying the mobile phase and the 235 solution where the particles were suspended (i.e. pH 7, 10 mM NaCl and 0.5 mM CaCl2). The 236 operating conditions are summarised in Table 1.  237 A solution of 100 mg/L of HA was also analysed by FlFFF for molecular weight determination using 238 sodium salt of Polystyrene sulfonates-PSS (Polysciences, Inc., PA, USA) of four different molecular 239 weights (4600, 8000, 18000 and 35000 Da, as provided by the manufacturer, with a polydispersity 240 of 1.1) to create a calibration curve (see Figure S2 ). The operating conditions were 0.5 mL/min for 241 the channel flow and 3 mL/min for the cross flow. 242 Table 1 243
DLS analysis
244
A Zetasizer (model ZEN3600; Malvern Instruments, Worcestershire, UK) operating with a He-Ne laser 245 at a wavelength of 633 nm was used to determine the zeta potential and hydrodynamic diameter of 246 the different samples. Physical principles, mathematical treatment, and limitations of the DLS data 247 can be found elsewhere (Filella et al. 1997 ). Samples used in DLS experiments were the same as for 248
FlFFF experiments to ensure data comparability except for the study of concentration effect. 249
Concentration Effect 250
Five solutions of Fe2O3NPs were prepared at pH 3 with concentrations of 10, 20, 50, 100 and 200 251 mg/L. The pH was raised slowly from pH 3 to 5 by adding drops of 0.1 M NaOH, and the Z-average 252 hydrodynamic diameter was measured without further modifications. The pH was then brought 253 directly to pH 10 to overcome the aggregation occurring around the PZC, before being raised slowly 254 to pH 12. Finally, solutions were brought from pH 9 to 6 by adding drops of 0.1 M HCl. 255
Scanning Electron Microscopy (SEM) analysis for the effect of pH
256
Silicon wafers attached on carbon stubs were used for SEM measurements. About 10 μL of sample 257 was deposited on a silicon wafer and left to dry completely. Images were obtained from a Zeiss 258 Supra 55VP variable pressure SEM (Carl Zeiss AG, Germany) and recorded using SmartSEM® software. 259
The mean equivalent circular diameter was determined from these images. Samples used for SEM 260 measurements were the same as those analysed in the FlFFF and DLS experiments for the study of 261 pH effect. 262 
Results and discussions
Characterisation of Fe2O3NPs Nanoparticles
264
SEM was used to identify the general characteristics of the Fe2O3NPs. At pH 3, the Fe2O3NPs were 265 spherical and present as single independent particles, as illustrated in Figure 1a . Analysis of 212 266 particles by SEM yielded a mean equivalent circular diameter of 25 nm with a very low polydispersity 267 (i.e. standard deviation: ± 3.5 nm, Figure 1b) . 268 
269
Zeta potential measurements carried out at different particle concentrations (see Figure S3 ) 270 suggested that Fe2O3NPs are highly positively charged at low pH values (i.e. pH 2-5). The zeta 271 potential decreased as pH increased from 5 to 9 and became highly negative from pH 10 with a PZC 272 at around pH 7 for all particle concentrations. This value is within the range of PZC values (i.e. Size measurements by DLS were performed at different particle concentrations ranging from 10 to 277 200 mg/L, and different pH values from pH 2 to 12 (all data are presented in Supportive Table 1 ). It 278 should be noted that samples with particles having Z-average hydrodynamic diameter > 1,000 nm 279
were settling during the analysis; however, DLS can only be used when particles are strictly 280 subjected to Brownian motion. Thus, these data are only indicative of the agglomeration trend and 281 cannot be used as accurate or absolute measurements. 282
At all particle concentrations, maximum aggregation was reached at the PZC where the net particle 283 surface charge was reduced to zero, as shown in Figure 2 . Far from this point, particle aggregate 284 sizes decrease because particles are stabilised by electrostatic repulsion forces. 285
The results also show a particle size concentration dependence at nanoparticle concentrations 286 above 50 mg/L, especially at pH > 5. This is presumably due to the fact that when particle 287 concentration increases, the distance between the particles in the sample is reduced, which 288 increases the chance of collision between particles and hence, their aggregation. These results can also be explained by the DLVO theory. Figure 3a and 3b show the interaction 295 forces that arise between two nanoparticles at concentrations of 10 and 200 mg/L, respectively. At 296 10 mg/L and high pH values (i.e. pH 10, 11 and 12), a net positive energy barrier prevents particles 297 from aggregating. Because this barrier decreases from pH 12 to pH 10, we observe an increase in 298 particle aggregate sizes. However, at 200 mg/L and pH 10, the net energy between particles is 299 attractive which induces the aggregation of particles. At pH 11 and pH 12, the net positive barrier, 300 although existing, is too low to prevent the particles from aggregation. 301 
Effect of pH 303
The effect of pH on the aggregate size of Fe2O3NPs at a concentration of 50 mg/L is shown in Fe2O3NPs are negatively charged. Thus, in addition to the concentration gradient effect that drives 318 the diffusion of particles back into the channel, electrostatic repulsive forces also arise between 319 particles and the membrane, causing lower retention times than expected and translating into an 320 underestimation of particle size. 321
Another limitation of the FlFFF techniques simulating environmental conditions is related to the 322 recovery of the injected sample. FlFFF fractograms show that the majority of the samples are eluted 323 in the void region (except at pH 3) and only a small fraction of the injected sample (i.e. < 5%) is 324 detected during the elution time. This can probably be explained by the fact that when pH increases, 325 some large aggregates may be formed (> 1 µm). These aggregates (even though not representative 326 of the whole sample) are much larger than the rest of the sample and are eluted in the void peak in 327 steric elution mode. To reduce the intensity of the void peak signal, pre-fractionation of the sample 328 could be used to increase the sample concentration and recovery during the elution. 329
Despite differing in absolute values, size measurements by FlFFF and DLS did show similar trends. 330
Both the hydrodynamic diameter (from FlFFF) and Z-average hydrodynamic diameter (from DLS) 331 increased slightly from pH 3 to 5 with the formation of doublets, triplets or larger aggregates (as 332 illustrated by the SEM images) and then increased significantly at higher pH values, up to a 333 maximum at pH 7 (i.e. at the PZC) with the formation of very large aggregates (cf. SEM image). 334
Around the PZC, aggregation was so extensive that the samples could not be measured by FlFFF and 335 DLS. At pH values above the PZC, aggregate sizes started to decrease but not at the same rate. As 336 discussed previously, at high particle concentration (i.e. 200 mg/L), the chance of collision is 337 enhanced, as is the potential for aggregation due to lower interparticle repulsive forces according to 338 the DLVO theory. However, below 50 mg/L, far from the PZC (i.e. pH 10 to 12), Fe2O3NPs remained 339 stable and the average particle size became closer to the original size (i.e. as measured at pH 3). 340 Table 2 341 Figure 4 shows the DLVO energy profiles for particle-particle interactions as a function of pH at 50 342 mg/L. From pH 2 to 7, there is a significant decrease in the repulsive forces between particles due to 343 the decrease in particle surface charge to zero at the PZC (cf. Figure S3 ). Around the PZC there is no 344 net positive energy barrier promoting the formation of very large aggregates (i.e. up to several 345 micrometres) since the only factor controlling aggregation is Brownian motion (Hu et al. 2010) . At 346 higher pH, starting at pH 10, the particles become highly negatively charged; giving rise to repulsive 347 forces, and a net positive energy barrier once again prevents particles from aggregating. 348 Table 3  351 gives the corresponding hydrodynamic diameters obtained from the FFF fractograms as well as the 352 Z-average hydrodynamic diameters obtained by DLS measurements. 353
The DLS results show an increase in particle aggregate sizes with increasing ionic strength. At low 354 ionic strength (1 mM-5 mM NaCl and 0.5 mM CaCl2), the Z-average hydrodynamic diameter varies 355 slightly from 63.19 to 64.92 nm. This is not significantly different from the size of nanoparticles 356 measured in ultrapure water. This indicates that at low ionic strength, electrostatic repulsive forces 357
are dominant over the attractive forces, preventing particles from aggregation. However, the use of 358 10 mM NaCl or 2 mM CaCl2 resulted in particle aggregation, probably due to the reduction in 359 repulsive forces between particles as shown in Figure 6 . 360
The FlFFF fractograms ( Figure 5 ) show no change in the retention times with increased ionic strength 361 but a significant decrease in the UV signal intensity is observed. The constant elution time is 362
expected as it has been demonstrated in previous studies that ionic strength has no effect on 365 Table 3 366 However, the decrease in UV signal points to a lower recovery at higher ionic strength, which could 367 be explained by the DLVO theory and DLS results. Figure 6 shows that increasing ionic strength leads 368 to a significant decrease in the repulsive forces between particles, which could lead to the formation 369 of larger particle aggregates. Dubascoux et al. (2008) explained that an increase in ionic strength 370 leads to a decrease in the double layer thickness of particles, which promotes the formation of larger 371
aggregates. These larger clusters of particles will be located closer to the FFF membrane which will 372 increase the interactions between the membrane and these larger aggregates. Thus, they could be 373 irreversibly adsorbed onto the membrane explaining the observed decrease in the UV signal. 374 remained negative across the whole pH range tested. At pH values greater than the PZC of the 388 uncoated Fe2O3NPs, both Fe2O3NPs and HA are negatively charged and adsorption of HA is not 389 expected to occur. Thus, the decrease in zeta potential values is probably due to the increased HA 390 concentration which brings more negative charges into solution and shifts the zeta potential 391 downwards. 392 following observations can be made. Compared to the fractogram of Fe2O3NPs alone, there is a slight 407 increase in the void peak UV signal which is probably due to the loss of sample during the injection 408 and focusing step and because HA is better adsorbed by UV as shown on the fractogram of HA alone. 409
The second observation is that no apparent shift toward larger retention times is observed because 410 the difference in size obtained from both fractograms is very low. This can be explained by the fact 411 that at 5 mgHA/L, there is a very low amount of HA in the solution; thus, the number of coated 412 nanoparticles is very low and they were not detected during the FFF analysis. 413 (Figure 8 a) . This can be caused by 419 the unadsorbed HA macromolecules. In fact, HA has a molecular weight of 38.7 kDa (as measured by 420
FlFFF -see Figure S4 ) which corresponds to approximately 1. 
Stability under realistic conditions of pH and ionic composition 436
The stability of HA-coated Fe2O3NPs was tested under realistic environmental conditions (i.e. pH 7, 437 10 mM NaCl and 0.5 mM CaCl2) to verify whether or not this coating could be used effectively in the 438 field. Figure 9 shows the FFF and DLS results for the stability study of a mixture of Fe2O3NPs (200 439 mg/L) coated by HA (50 mg/L). 440
Compared to bare Fe2O3NPs, HA-coated Fe2O3NPs were less affected by an increase in pH and were 441 much more stable under neutral pH conditions. In fact, for the bare nanoparticles, an increase in pH 442 to pH 7 (i.e. the PZC) resulted in extensive aggregation with the formation of large aggregates that 443 were thirty-five times larger than at pH 4 ( Figure 9b ). However, when the nanoparticles were coated 444 with HA, the same increase in pH resulted in a size increase of less than 15%. This is most likely due 445 to the negatively charged HA layer on the Fe2O3NPs surface which prevents particles from 446 aggregating through electrostatic repulsion. Moreover, the macromolecular layer can also provide 447 steric stabilisation by causing entropically unfavourable conditions when the particles come closer to 448 one another (Tiller and O'Melia 1993; Illés and Tombácz 2004) . 449 In the presence of CaCl2 at 0.5 mM, HA-coated Fe2O3NPs became unstable and formed large 456 aggregates (greater than 500 nm when measured by DLS). The pH and ionic strength are important environment conditions that need to be carefully 487 considered before releasing nanoparticles into the environment. In the case of Fe2O3NPs, commonly 488 encountered soil and groundwater conditions (i.e. pH 6-8 and high ionic strength) can induce 489 extensive aggregation and can thus considerably reduce their mobility and reactivity once injected 490 into subsurface environments. Finding solutions to reduce or suppress particle aggregation is 491 therefore crucial in optimising remediation strategies using these materials. Surface coating is one of 492 the preferred methods used to enhance the stability of the Fe2O3NPs. The choice of surface modifier 493 is important and this will depend on the soil conditions and the target contaminants. This study has 494 demonstrated the performance of DOM as a surface coating under conditions similar to the natural 495 soil environment. DOM-coated nanoparticles were observed to show higher stability than naked 496
Fe2O3NPs under some conditions. Aggregation and stabilisation have significant effects on the 497 environmental transport, reactivity and fate of the released nanoparticles and especially on the 498 transport of low-solubility contaminants in subsurface waters. Increased stabilisation will result in 499 better transport and reactivity in the subsurface but may also increase contaminant transportation. 500
Development of modellings on the behaviour of MNPs in the subsurface is still needed but 501 restrained by the lack of data under relevant environmental conditions. 502 Ultrapure water at pH 10
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